Abstract. In this study the stability of parenteral acyclovir (ACV) when diluted in dextrose (DEX) as large volume intravenous fluid preparation (LVIF) was evaluated and the possible Maillard reaction adducts were monitored in the recommended infusion time. Different physicochemical methods were used to evaluate the Maillard reaction of dextrose with ACV to track the reaction in real infusion condition. Other large volume intravenous fluids were checked regarding the diluted drug stability profile. Differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), and mass data proved the reaction of glucose with dextrose. A Maillard-specific high performance liquid chromatography (HPLC) method was used to track the reaction in real infusion condition in vitro. The nucleophilic reaction occurred in diluted parenteral preparations of acyclovir in 5% dextrose solutions. The best diluent solution was also selected as sodium chloride and introduced based on drug stability and also its adsorption onto different infusion sets (PVC or non PVC) to provide an acceptable administration protocol in clinical practices. Although, the Maillard reaction was proved and successfully tracked in diluted solutions, and the level of drug loss when diluted in dextrose was reported to be between 0.27 up to 1.03% of the initial content. There was no drug adsorption to common infusion sets. The best diluent for parenteral acyclovir is sodium chloride large volume intravenous fluid.
INTRODUCTION
Pharmaceutically interesting compounds can react with the surrounding excipients or media upon formulation or dilution (1) (2) (3) (4) . Amine-containing drug molecules can react with reducing carbohydrates to form glycosylamines. This type of interaction is named Maillard reaction and is a very well-known chemical incompatibility in pharmaceutical preparations (5) (6) (7) (8) .
Recently, Maillard reaction has gained special attention in pharmaceutical preformulation studies (9) . Different amine-containing drug molecules were subjected to such an interaction and appropriate considerations were made during their formulation (7, 10, 11) . Although the handbook of pharmaceutical excipients, clearly states that BIn the aldehyde form, dextrose can react with amines,…,^yet no attention is made to dextrose containing large volume intravenous fluid (LVIF) as diluents for the parenteral formulations of amine containing drug molecules (12) . Acyclovir (ACV) is an antiviral drug with common dosage forms as tablets, capsules, and also parenteral preparations.
We were previously shown that ACV as an aminecontaining drug, undergoes Maillard type reaction with lactose as a filler excipient in solid dosage forms (13) . In another research, ACV interacted with sucrose which was used as a sweetener agent in liquid oral formulations (14) .
According to clinical guidelines, the ACV parenteral formulations are administered in herpes simplex and varicella zoster in concentrations not more than 5 mg/mL. The stability of ACV in LVIF preparations was first reported in 1989 (15) . According to this study, the drug is stable in sodium chloride and dextrose 5% solutions but a consideration should be done that the diluted solutions must be used within 24 h. In that study, the drug was simply quantified and the stability was concluded when the drug molecule was detected more than 90% of its initial concentration and no attention was paid to any possible degradation product (s). Recent studies and text books are in accordance withthe findings of Gupta et al. (15) (16) (17) . At the time of writing this report, FDA guidelines updated in November 2003 by GlaxoSmithKline, states that drug should be diluted in Bany appropriate intravenous solution^ (18) . Recent update of this company on 19 March 2015 represents some detailed information about the administration procedure.
This product information states that Zovirax IV formulation is known to be compatible, when diluted in accordance with the recommended schedules for 12 h at room temperature (15 to 25°C), but still reports dextrose-containing solutions as compatible ones (19) . Some textbooks have introduced a dilution method in sodium chloride intravenous solutions without any prohibition or incompatibility report in dextrose-containing solutions (20) . Although, it is quite possible to assume that the Maillard reaction would take place between ACV and dextrose but it should be monitored by physicochemical methods in appropriate concentrations and period of time, similar to clinical practice. To the best of our knowledge, no previous study has been done to evaluate the Maillard type interaction of ACV with dextrose upon parenteral administration. To this purpose, the interaction of the mentioned molecule in dextrose diluents was demonstrated using physicochemical methods such as differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), and also mass spectrometry. But going beyond the boundaries of only proving an incompatibility interaction, the reaction was also tracked in real time administration conditions and finally the question of BDoes this reaction take place in real infusion condition?^was answered. The absorption of ACV into PVC and non-PVC tubes was also evaluated and the best diluting solution was subsequently introduced.
MATERIALS AND METHODS

Materials
Acyclovir sodium salt (ACV) and guanine (GUA) reference standards were purchased from (Tehran, Iran). Dextrose was from Merck (Darmstadt, Germany). All mobile phase constituents were from HPLC grade and obtained from Scharlau Chemie (Barcelona, Spain). All solvents and additives used in adduct synthesis were of extra pure grades and obtained from Scharlau Chemie (Barcelona, Spain).
Methods
Methods have been divided into three main categories; physicochemical evaluations, adducts synthesis, and real time infusion evaluation.
Physicochemical Evaluations
DSC
A differential scanning calorimeter (DSC-60, Shimadzu, Japan) was used for thermal analysis of drug and binary mixtures in a 1:1 w/w ratio. Individual samples (drug and excipients) as well as physical mixtures of drug and excipients were weighed to about 5 mg in the DSC aluminum pan and scanned in the temperature range of 25-300°C. A heating rate of 20°C per minute was applied and the curves were analyzed by enthalpy calculations using TA-60 software (version 1.51).
FTIR
FTIR spectra of drug and drug-excipient blends were recorded for pure components and also after incubation at elevated temperatures according to Serajuddin et al., on a FTIR spectrophotometer (Bomem, MB-100 series, Quebec, Canada) in the range of 400-4000 cm −1 using potassium bromide disks (6) . The spectrum was a mean of ten consecutive scans on the same sample. Processing of the FTIR data was performed using GRAMS/32 version 3.04 (Galactic Industries Corporation, Salem, NH). Different binary mixtures of drug with common diluents as well as controls were evaluated. HPLC System 1. The HPLC system consisted of a system controller, degasser, liquid chromatograph, and a UV-Vis detector all from Cecil (Cecil, UK). Samples were injected onto a C18 column (150 mm, 4.60 mm, 5 lm; Waters, USA) and maintained at ambient temperature. A stability indicating HPLC method was used to check the amount of remaining drug in the samples. The eluting solution was a mixture of methanol to distilled water (DW) (10:90) and was eluted at 1 mL/min flow rate. The detection was performed at 252 nm. All samples were diluted to a nominal concentration of 50 μg/ ml by mobile phase. Guanine (GUA) standard stock was prepared using sodium hydroxide in water (16 μg/mL). Further dilutions were made using mobile phase (7 μg/mL) (21).
System 2.
A different HPLC system specific for the Maillard reaction of ACV according to our previous study was applied to analyze a binary mixture sample treated by Serajuddin et al. method and also the prepared adducts mixture (6, 13) . Briefly, the mobile phase was consisted of 95% solution A (DW) and 5% of solution B (95:4.9:0.1 of DW: acetonitrile: formic acid) and was eluted at 1 mL/min (13) . The detection was performed at 250 nm and the column length and temperature was 25 cm and ambient, respectively. Peak collection was performed subsequently to provide mass analysis samples. Adducts mixture was synthetized as follows.
Adducts Synthesis According to our previous study, an aqueous method was applied to prepare adducts of the proposed Maillard reaction, with minor modification (13) . Briefly, ACV (1 g) and glucose monohydrate (2 g) were dissolved in 100 mL of United States Pharmacopeia (USP) borate buffer (0.1 M, pH = 9.2) with the aid of stirring and ultrasound. Triethylamine and sodium hydroxide were added in an equimolar ratio with ACV to aid solubility as well as reaction incidence. The cloudy white reaction mixture was changed to a clear solution upon heating at a refluxed condition at 100°C on a heater stirrer (Velp, Italy) for 14 h and analyzed in liquid state using mass spectroscopy and referred to as aqueous reaction adducts (ARA).
Mass Spectrometry
Mass spectrometric detection was performed with a Waters ZQ Mass 2000 (Waters, USA) spectrometer equipped with an electrospray ionization (ESI) interface in the positive ion mode and a single quadrupole Mass analyzer. All data were evaluated using Mass lynx version 4.01 software.
Cone, extractor, and RF lens voltages were set at 3.5, 30, 3 and 0.5 V, respectively. Source and desolvation temperatures were maintained at 80 and 200°C, respectively. Cone and desolvation nitrogen gas flow were at 60 and 300 L/h.
Real Time Infusion Evaluation
According to the manufacturer, the parenteral forms of the drug should be diluted to concentrations of about 5 mg/mL and be infused within not less than 1 h. The same procedure was followed and the ARA was tracked using mass spectrometry.
Selection of the Best Diluent Solution
Residual drug and its major degradation product (guanine) were determined in different intravenous infusion liquids (NaCl, dextrose and Ringer) and in different infusion sets (PVC (normal or colored), non PVC (PE)) and polyethylene bags. HPLC system 1 was applied for the quantification purpose.
Additional DSC studies were made to reveal the best diluent solution. Then the possibility of the Maillard reaction was checked using a specific HPLC method as well as mass spectrometry.
Statistical Analysis
Means were compared using the one-way analysis of variance (ANOVA) with a significance level of 0.05 whenever needed, using SPSS 17 software.
RESULTS AND DISCUSSION
All material section was divided into two main parts: (1) physicochemical evaluations and (2) real time infusion evaluation. The first DSC, FTIR, HPLC and mass parts are for monitoring possible physicochemical changes and to find a way for tracking real infusion condition at last. Thus, physicochemical evaluations have been performed on solid materials in a concentrated condition to force the chemical reaction to take place. DSC DSC has been widely used in monitoring the presence of incompatibility in pharmaceutical preparations (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Compatibility data should be interpreted carefully as lots of deviations from principal laws can be explained. According to Fig. 1a , the melting endotherm of pure ACV was recorded at 255.27°C. Two other endotherms were exhibited at 176.02 and 120.14°C and can be related to the polymorphic and hydrated structure of the ACV powder, respectively. This thermal behavior proves the polymorph VI of ACV (32) . This polymorph readily absorbs water and changes to polymorph V which is a commercial polymorph of 1:2 ACV/H2O hydrate. Pure dextrose (DEX) shows a transition at 167.5°C which is due to melting. In binary mixtures of ACV-DEX regardless of the ratio of the components the melting endotherm of ACV is missing which indicates an incompatibility between components. As shown in Fig. 1b DEX melts at 167.50°C which has been disappeared partially and fully in 1:1 and 1:10 binary mixtures (Fig. 1c, d ). It should be kept in mind that changes in DSC thermal profiles can have many possible explanations and certainly not proof of Bincompatibility^-for example, it can simply indicate a miscibility of two components and hence the original single melting points can be changed.
Two new endothermic peaks appeared in binary mixtures at 91.68 and 152.73°C. Surprisingly, the intensity of the new peaks increased with increasing the drug to DEX ratio from 1:1 to 1:10. It can be assumed that the first peak at 91.68°C can be mainly due to water loss and the second one may be related to incompatibility between the components. Water loss in water-free pure components may be attributed to a waterproducing reaction such as Maillard reaction. As mentioned, it is necessary to examine these assumptions in more details using some other physicochemical analysis to prove the incompatibility.
FTIR
Vibrational spectroscopy is based on the absorption of infrared radiation by the covalent bonds between different atoms and, thus, is capable of revealing small changes in the structure of a molecule. Functional groups which are consumed and or produced during a chemical reaction can be easily tracked using infrared spectroscopy. Pure ACV showed main absorption peaks at 1717 and 1632 cm −1 due to C=O and N-H bending. FTIR spectrum of ACV to DEX mixture (1:1) treated by the Serajuddin et al. method has been illustrated in Fig. 2 . The treatment was performed briefly as follows: to 200 mg of the solid mixture, 10 or 20% w/w DW was added and incubated at 70°C for a 1-week period. A new functional group vibration appeared at about 1679.06 cm −1 which indicated a -C=N or imine (1640-1690 cm −1) formation which was supposed to be produced in the Maillard reaction of the drug and DEX (13, 33) .
HPLC
Two HPLC methods have been utilized in this study according to Methods section. The first one was a stabilityindicating method previously used by other researchers to check the ACV stability in stress conditions (21) .
The United States Food and Drug Administration (US-FDA) stability guideline of 1987 defines stability indicating methods as:B Quantitative analytical methods that are based on the characteristic structural, chemical or biological properties of each active ingredient of a drug product and that will distinguish each active ingredient from its degradation products so that the active ingredient content can be accurately measured.^ (34) .
The data presented in Table I is extracted from this method. The second HPLC method is capable for detecting the maillard reaction initial condensation product which was designed for ACV-Lactose previously. Here we tested it for ACV-DEX and we showed that it was able to track the initial condensation product for the maillard reaction of ACV and DEX.
The effect of diluent type as LVIF (sodium chloride, dextrose and ringer) and the infusion set composition (PVC, non-PVC, and colored) on the amount of delivered drug during infusion were evaluated. Some drugs such as insulin show a high tendency toward absorption to PVC surfaces (35) (36) (37) (38) .
GUA has been known as a related compound of the ACV in USP and also its main degradation product during stress conditions (21) . All stability-indicating methods introduce quantification for guanine as a degradation marker. Thus the amount of the remaining drug and also produced GUA were calculated from the HPLC peak responses. Table I represents the results.
When 90% of a drug is delivered through the infusion system, the drug is considered stable. According to results, ACV remains stable during a 2-h period infusion in all tested samples as the amount of the remaining drug is more than 95% in all records. Thus it can be concluded that the type of LVIF as a diluent and also the composition of the infusion sets in parenteral administration of ACV dose not alter the drug stability significantly (p value > 0.05). Polyethylene reservoir bags had no stability effect on the remaining drug in the usual administration protocol and the effect of ambient light was ignorable (p value > 0.05). These findings are in accordance with Dewulf et al. (17) .
Additional thermal DSC analysis revealed that the best diluent is to be sodium chloride as no interaction can be seen in DSC curve of this diluent in different composition ratios (Fig. 3a) .
In Ringer solutions, the presence of a divalent salt such as calcium but not potassium chloride seems to induct an instability by removing the melting endotherm of the drug molecule in 1:10 ratio completely (Fig. 3b, c) . More study is needed to explain this incompatibility.
Although these finding are directly correlated with previous results, (15) Gupta et al. measured the chemical stability of ACV in dextrose 5% w/v and sodium chloride 0.9% w/v injections using a stability-indicating method and concluded that the drug molecule is very stable in both admixtures and no decomposition was seen after 37 days of storage at 25 and 5°C. The stability-indicating method used in the quantification of the results was capable in reporting the ACV and GUA concentrations and consequently any doubt about the Maillard reaction of ACV with dextrose was ignored. Although, a new stability-indicating method was utilized in the present study but the method output was similar to that of Gupta et al. (15, 21) . Thus, it seems necessary to track the Maillard reaction products in the suspected samples with a suitable HPLC method. The Maillard reaction of ACV with lactose was previously evaluated by the authors and a HPLC method sensitive to Maillard reaction products of ACV was introduced. The mentioned HPLC method was used in this study to track the reaction products in ACV-DEX binary mixtures. The HPLC chromatogram of a binary mixture sample treated by the Serajuddin et al. method and spiked manually with GUA as shown in Fig. 4 . The same HPLC behavior was recorded for the synthesized adduct mixture. Thus, it can be concluded that the synthesis method was successful in providing the reaction progress similar to that of treated samples and is, meanwhile, more concentrated to fulfill the preparative purposes. As seen in Fig. 4 there is another peak in about 4 min in addition to ACV and GUA peaks, which may be related to the Maillard reaction product. Peak 1 was collected in several injections and immediately analyzed using mass spectrometry. Visual findings in different samples are depicted in Fig. 5 . Brown Table I color of the treated samples and also the diluted ACV parenteral formulation in dextrose solution kept for 3 months at room temperature may be related to Maillard browning reaction. No color change was seen after 1 and 2 h of storage. Recently, some water-free synthesis has been proposed to simulate the Maillard reaction between bisoprolol and dextrose. The results of the present study reveals that aqueous synthesis can completely mimic the reaction of ACV-DEX without any further need to costly and sophisticated water-free synthetic methods. 
Mass Spectrometry
Mass results for pure ACV (MW = 225.2) and manually collected peak 1 along with the treated sample is depicted in Fig. 6a-c . The ESI in positive mode mass spectra showed that the molecular ions of ACV and peak 1 were the protonated molecules, [M+H]+ of m/z 226.1 and 406.5, respectively (Fig. 6a, b) . M/z value at 406.5 may be related to protonated condensation product 1 which is a glycosylamine, produced from the reaction of ACV with DEX. The m/z value at 247.8 is the sodium salt of ACV. Figure 6c is the mass spectra of treated binary mixtures. The m/z value at 388.4 may be related to condensation product 4 shown in Fig. 7 . The main fragments in Fig. 4c and 6b appeared at m/z values of 299.1 and 357.9. Possible structures of these fragments have been proposed in Fig. 8 .
All physicochemical methods including DSC, FTIR and mass spectrometry proved the Maillard reaction of ACV and DEX.
Real Time Infusion Evaluation
As mentioned before, according to the manufacturer, ACV parenteral forms should be diluted prior or to administration and should be delivered within 1-2 h. The resultant solution was checked after 2 h to track Maillard reaction products and, finally, to answer the question that BDoes the Maillard reaction of ACV and DEX take place in real infusion condition?Î njectable ACV formulations are lyophilized in the presence of sodium hydroxide (19) .
Singh et al. who studied the pH effect on acyclovir stability reported a potency reduction for acyclovir boiled in 1 N H2SO4 for 10 min for about 12%. Alkaline condition (boiling in 1 N NaOH for 10 min) decreased the potency to 95%. (39) . Later in 2007, Sinha et al. studied the stress conditions on acyclovir stability and reported that the drug was more stable in alkaline conditions compared to acidic stress. The remaining drug after exposure to acidic and alkaline stress (1 N, 2 h, and 80°C) was 4.44 and 88.65%, respectively (21) .
It should be kept in mind that basic pH values favors the Maillard reaction as a nucleophilic reaction (40) . Figure 4d illustrates the mass spectra of the real infusion sample. As shown, the m/z value at 405.5 may be related to Maillard reaction of ACV and DEX. Many other different evaluations were made using control samples (i.e., drug-free LVIF).
It can be concluded that the Maillard reaction of ACV-DEX can take place in real infusion condition in which ACV parenteral preparations have been diluted with LVIF containing 5% dextrose.
According to Table I , it shows that the remaining drug in different LVIFs is more than 95% after 2 h. The total loss can be attributed to both the guanine formation and the maillard reaction progress. All the maillard reaction tracking was done qualitatively and the reason for this was because of the identity of the maillard product reported as an unstable intermediate agent resulting from condensation of ACV with DEX and, thus, cannot be synthesized as a pure material to be used for accurate qualitative calculations. Similar researches have reported the maillard reaction in a similar way (5, 41) as well as we have done previously (9, 13, 28, 29, 31, 42) .
CONCLUSION
In this study, the Maillard reaction of ACV parenteral preparation diluted in Dextrose was identified by physicochemical methods and tracked in real infusion condition in vitro. This should be kept in mind that not only the remaining drug but also the degradation or interaction products, determine the drug stability in a pharmaceutical medium. The best diluent of ACV in parenteral administration was introduced as 0.9% sodium chloride solutions. No adsorption was shown in PVC or non-PVC tubes used as infusion sets and polyethylene infusion bags in delivering the drug to the patient, and the drug stability was not affected by ambient light during the administration time. Although, the Maillard reaction was proved and successfully tracked in diluted solutions, and there was no drug adsorption to common infusion sets.
In the present research, the level of drug loss when diluted in dextrose solutions was reported to be between 0.27 up to 1.03% of its initial content. The maximum daily dosage of parenteral acyclovir is reported to be 20 mg/kg; thus, for a 70 kg adult person, this dosage exceeds 1 g per day (18) . According to ICH guidelines, different degradation thresholds can be specified for such a drug formulation (43) . If the degradation product level is more than 0.05% of the total daily intake (TDI), the level is defined as reporting. But levels more than 0.2% of TDI may be considered as identification or qualification thresholds.
The loss of drug can be attributed to different degradation or condensation pathways. Although this study has reported and identified the condensation products of ACV and DEX, still more research is needed for quantification purposes. As the levels and safety of the degradation products are not identified yet, even at this stage the findings may trigger just a minor alert. 
